Hydrogeophysical characterization using the transient electromagnetic method (TEM) and the DC resistivity sounding (VES) method was implemented in the central part of Azraq Basin (Qa Basin), Jordan, to identify and map the spatial distribution of shallow fresh and saline groundwater in the upper aquifer systems. The alluvium (Al) and chert limestone (URC) shallow aquifers show different degrees of groundwater salinization. The range of groundwater resistivity varies from 0.06 to 10.8 ohm-m. Saline groundwater was detected at depths between 5 to 30 m where the aquifers have a wide spectrum of resistivity values from 0.14 to 120 ohm-m. The integrated geophysical and hydrogeologic models are significantly correlated in chloride concentration, groundwater resistivity, and aquifer resistivity. Using 1D inversion results from the TEM and VES soundings in addition to quasi-3D modeling (1D spatially constrained inversion) at selected TEM sites, groundwater resistivity variation was attributed to two different salinization mechanisms. First, the spatial distribution of the salt content in mud flat deposits had a significant effect on the groundwater salinity. Second, in situ dissolution of near-surface rock-forming salts occurred at areas away from the mud flat deposits. The proposed hydrogeophysical models revealed the potential effect of both mechanisms in the study area.
INTRODUCTION
From the beginning of the last century, the industrial and agricultural revolutions have had a negative impact on the quality of fresh groundwater worldwide. This problem has led to substantial concerns about groundwater contamination and overexploitation of the groundwater resources that support human needs. The Mediterranean countries are addressing this problem with considerable resolve, because people in these areas depend on groundwater to support the basic necessities of life.
The increase of population and global warming issue are critical factors; especially in extremely arid areas. Furthermore, the lowering of groundwater levels (GWLs) is often accompanied by intrusion of saltwater in coastal areas, producing large zones of salinized groundwater (Nielsen et al., 2007; Soupios et al., 2009) . Otherwise, far from coastal areas where salt domes or salt layers are exposed near the ground surface, shallow fresh groundwater is threatened by salinization (El-Waheidi et al., 1992; Ghassemi et al., 1995) . In fact, salinization is responsible for degrading arable land; such regions are often characterized by steady increases of water demand for agricultural purposes, while the amount of rainfall is low and aquifer recharge is insufficient. The Azraq Basin is one of those areas in Jordan. The study area has an extremely arid climate with long, hot summers and mild winters.
The Azraq Basin is one of the most important aquifer systems in Jordan. It is located in the northeast of Jordan (Figure 1 ) and extends north into Syria and south into Saudi Arabia. The Azraq Oasis (called locally "Sabkhah" or "Qa Azraq") is a large mud flat located in the central part of the basin ∼120 km northeast of Amman. The Amman Water and Sewage Authority (AWSA) well field was established north of Azraq springs where about 15-20 million cubic meters per year (MCM/y) of water has been pumped since 1982 to the capital Amman for drinking purposes. Farmers use ∼45 MCM∕y. Therefore, the total extraction from the basin is ∼65 MCM∕y (El-Naqa et al., 2007) , which is more than three times the sustainable annual yield of the aquifer (Water Authority of Jordan, 1989) . Consequently, the insufficient recharge to the upper aquifers and intensive pumping of the AWSA well field has caused a lowering of the water table and has increased the salinity of the fresh water aquifer and the soil in the Qa area.
Many researchers have used electrical (DC resistivity) and transient electromagnetic (TDEM or TEM) methods for hydrogeologic investigations (Khalil, 2009; Massoud et al., 2009; Soupios et al., 2009 ). The methods have significant sensitivity to near-surface electrical conductivity variations (Christensen and Sørensen, 1998; Kafri and Goldman, 2005) ; for instance, in areas in which groundwater is predominantly saline, aquifer resistivity is low and the resistivity method can delineate saline water boundaries. In the last decade, many scientists have applied electromagnetic methods to assess saltwater intrusion and mixing problems in coastal areas or to detect the presence of a near-surface salt layer (Albouy et al., 2001; Yechieli, 2001; Danielsen et al., 2003; Nielsen et al., 2007; Ezersky et al., 2009) . The relevance of the resistivity and time domain electromagnetic methods for groundwater contamination studies is based on the high correlation between measured resistivity and the chemistry of groundwater. Fundamentally, the two geophysical methods complement each other. The joint inversion of data from the two methods is informative in spite of the fact that both methods measure the same physical property of earth. It is well known that DC resistivity soundings are sensitive to resistive layers. The TEM shows complementary behavior because of its high sensitivity to conductive layers.
In the present work, DC vertical electrical sounding (VES) and TEM (coincident TEM loop) geophysical methods are combined with the available hydrogeologic data from existing farm wells and boreholes and used to delineate the saline/fresh groundwater zone in the Qa Azraq area. The main aquifer in the Azraq Basin is the shallow aquifer system that consists mainly of alluvial deposits, fractured basalt, chert, and limestone. Saline groundwater exists in the mud flat area at shallow depths. On the contrary, fresh water is extracted in the northern and western part of the basin and has led to a better understanding of the transition between fresh/ saline groundwater (Drury, 1993; Abu Jaber et al., 1998) .
GEOLOGIC AND HYDROGEOLOGIC FRAMEWORK
The Azraq Basin is part of the limestone plateau of eastern Jordan. The northeastern part of the basin is dominated by basaltic lava originating from Miocene/Oligocene volcanic activity (Bender, 1974) . The basalt reaches a thickness of >1500 m in the area of Jabal Al Arab in Syria and becomes progressively thinner toward the south. To the north and northeast, basalt eruptions of different ages appear at the surface and cover a wide area known as the "Basalt Plateau." This basalt area is related to the North Arabian Volcanic Province, which extends from Syria across Jordan into Saudi Arabia, covering in Jordan an area of 11,000 km 2 (Mouty et al., 1992) .
The Azraq Basin incorporates exposures of sedimentary rocks and basalt, ranging in age from Cretaceous to Quaternary (Figure 1 ). In the southern part of the basin, the Quaternary deposits and recent sediments cover the underlying Tertiary deposits. The latter are intermittently exposed at the surface in the south, southwest, and southeast. The sedimentary sequence includes limestone, chert, marl, chalk, sandstone, clay, and evaporates. These rocks are frequently covered with a variably thick sequence of superficial deposits including alluvium, mud-silt flats, chert pavement, gravels, sand, and evaporate incrustations (Geological Mapping Division, 1993) .
The entire Azraq Basin is dissected by an extensive network of wadis, especially in the limestone areas. During Quaternary times, the wadis transported large amounts of superficial Figure 1 . Geologic and structure map embedded with the location of TEM, VES geophysical measurements, boreholes, and wells in the Azraq Basin.
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Abu Rajab and El-Naqa deposits (alluvium and top soil) into the central depression. The fluvial gravels and sand dunes, as well as clayey calcareous and sandy sediments of mud pans, are the youngest deposits (Bajjali and Hadidi, 2005) . A graben trending northwest-southeast is the dominant structure. The Jabal Fuluk Fault is the main fault in the northern part of this graben. Some faults extend northwestsoutheast parallel to the graben (Figure 1) , whereas others have a north-northwest-south-southeast strike (El-Naqa et al., 2007) .
Groundwater aquifers in the study area can be divided into three main hydraulic complexes (Rimawi and Udluft, 1985) : the shallow aquifer system (upper aquifer) comprising Quaternary and Tertiary formations: alluvium (Al), basalt (B), and Um Rijam chert limestone (URC). The URC aquifer is overlain in some places in the study area by the Azraq formation (AQ). It is an aquiclude, consisting of clay, gypsum, salt, and clay. The middle aquifer system is called the "Amman Wadi Sir" formation and consists mainly of limestone, silicified limestone, and chert. The lower aquifer system is called the "Sandstone Kurnub" and "Disi Aquifers." The upper and middle aquifer systems are separated by the Muwaqqar chalk marl aquiclude (MCM). The upper aquifer system is unconfined in areas in which basalt and alluvium are encountered (Bajjali and Hadidi, 2005) .
In the study area (Qa area), the groundwater flow is from north to south, whereas in Azraq Basin the groundwater moves from all directions toward the Qa depression (El-Naqa et al., 2007) . The water table varies from a few meters in the center of the basin to 400 m in the northern catchment area (NJWRIP, 1989) .
METHODS

Transient electromagnetic and vertical electrical sounding
The same physical property of earth, electrical resistivity, is extracted using TEM and DC methods. However, the parameter is sensed differently due to the different physics of each of the methods. In the DC method, the measured voltage E ðaÞ varies linearly with terrain conductivity σðσ ¼ 
where I is the injected current, K is the electrode geometric factor, and a is the electrode spacing. On the contrary, in the TEM method, the measured electric field EðtÞ varies nonlinearly as σ 3∕2 (McNeill, 1996) . The transformation of the measured EðtÞ signal into a resistivity-depth profile ρ h (where h is the depth) depends on the apparent resistivity function ρ a ðtÞ, calculated according to the asymptotic formula for late times in the near zone of the transient field as (Barsukov et al., 2007) ρ a ðtÞ ¼
where R ¼ L ffiffi π p is the effective single turn of a square loop of side L and μ is the magnetic permeability of the medium. The transformed ρ h ðtÞ using ρ a ðtÞ in the TEM-FAST data processing algorithm differs from equation 2 in that the complete formula at early times is
The TEM method has been improved lately due to advances in data acquisition, processing, and inversion (Zhdanov, 2010; Everett, 2012) . Many of the instrumental advances are related to the modification of transmitter-receiver waveform and improved survey design. Such advanced technology characterizes the TEM-FAST instrument used in hydrogeophysical surveys (Barsukov et al., 2007) . The instrument has a varied depth range, sensing from near-surface engineering targets to bodies at few hundred meters' depth (Ranieri, 2000; Barsukov et al., 2007) . The instrument has a low weight and small size, leading to an increase in the efficiency of field work. Moreover, the resistivity function contains a substantial amount of information even for small layer thickness.
The normalized voltage-current function in the TEM-FAST instrument has a low self-inductance, which permits recognition of the early time decay. The late-time signal is affected by the loop's size, resistance, inductance, and capacitance. Data acquisition is fully automated to enhance the signal-to-noise ratio (S/N) by adjusting the stack number and length.
GEOPHYSICAL DATA ACQUISITION AND PROCESSING
The geophysical measurements were carried out in an area of saline groundwater close to the location of monitoring wells ( Figure 1 ).
Thirty TEM sites were surveyed using a coincident single turn of a 100 × 100-m loop that achieves ∼100 m penetration depth. The system was set to transmit current ∼4 A using a 24-V battery. The response is measured at 48 active time gates. The stacking time was set to ∼6 min, and a 50-Hz notch filter was applied. The measurements were repeated several times at each sounding location to average out the effects of poor ground coupling and instrument instability. In addition, seven VES soundings were conducted using the Schlumberger configuration with AB/2 distances from 3 to 500 m. The VES locations were chosen based on the preliminary results of the TEM soundings.
The collected TEM data were processed to provide 1D profiles of resistivity with depth. The TEM-RES Software (TEM-Researcher Software, 2007) is a Windows-based interpretation program that implements several processing steps prior to inversion such as editing, smoothing, and accounting for induced polarization (IP) and superparamagnetic effects. Generally, the 1D inversion result gives a satisfactory representation of the true model. Of course, in the case of lateral geologic contrast, the 1D approximation can become strongly influenced by 3D effects. Statistically, the root mean square (rms) of the final data misfit was <3%. This is an effective indicator that the TEM data are of high quality and can be used to examine the hydrogeologic response. The rms error was <2% for the VES inversion using the IPI2Win program (IPI2Win Software, 2000).
GEOPHYSICAL AND HYDROGEOLOGIC DATA INTERPRETATION TEM-VES calibration and joint inversion
To narrow down the range of possible models, normally some assumptions are made concerning the nature of the subsurface, and these are incorporated into the inversion algorithm. Any available information is used for constructing initial models. The starting model is found in this paper by using the least number of layers that provides a good fit to the field curve following the transformation of measured voltage into apparent resistivity (Barsukov et al., 2007) .
The TEM 23 sounding was conducted near borehole AZ-9 to calibrate the geophysical sounding curve to the observed geologic layers (Figure 2a ). This site is a good example of how the TEM method can resolve 1D conductivity structures. The inverted model achieved 0.65% rms error and returned geoelectrical information to ∼100 m depth. Three different lithological layers are identified according to the inverted resistivity model: alluvium sediments (6 ohm-m), URC formation (55 ohm-m), and MCM formation (8 ohm-m). The GWL is detected at a 5-m depth in the alluvium sediments, which suggests moderate groundwater quality (i.e., the observed Cl value is 455 mg∕l). In addition, resistivity sounding VES 1 was conducted at borehole AZ-13 ( Figure 2b ); the calculated model exhibits three layers with distinctive resistivity values. The model fits to 1.65% rms error. Three geoelectrical layers were correlated according to their resistivities: alluvium sediments (2 ohm-m), URC formation (0.2 ohm-m), and MCM formation (10 ohm-m). The GWL was encountered at a depth of 7 m in URC aquifer with high salinity (i.e., Cl ¼ 8520 mg∕l).
Several studies have shown that the joint inversion of DC resistivity and TEM data types enhances the resolution of the earth's model (Raiche et al., 1985; Albouy et al., 2001; Auken et al., 2001; Barsukov et al., 2004; .
The joint inversion of data from both methods provides a better constrained model that is useful to characterize the 1D environment. In the present study, VES site 5 and TEM site 3 points were both located at the mud flat area (Figures 1 and 2 ). The resistivity curves of both methods were jointly inverted using the JOINTEM Program (Pirttijärvi, 2009) in which the VES inversion result is used as a forward model for the TEM method. By this way, the VES model is adjusted to minimize and fit the TEM measured data. Figure 3a shows the tested model for both methods and the constrained model reveals three distinctive geoelectrical layers: alluvium mud flat deposits (0.94 ohm-m), URC formation (0.21 ohm-m), and MCM formation (20 ohm-m). The first two geoelectrical layers are fairly consistent in terms of resistivities and thicknesses (Figure 3b ).
According to the preliminary interpretation of the resistivity and electromagnetic results at boreholes AZ-9, AZ-13, and the joint inversion at the mud flat area, the hydrogeologic interpretation has identified two types of aquifers: URC and alluvium aquifers with distinctive groundwater salinities. The classification of groundwater based on the chloride concentration varies among different countries depending on how the groundwater is used. In the present case, a chloride concentration of 250 mg∕l marks the transition between fresh groundwater and brackish or saline groundwater (NJWRIP, 1989) .
In many cases, the subsurface cannot be resolved into plane homogeneous layers as required for 1D VES or TEM investigation, or into simple zones of lateral conductivity variation as required for qualitative depth section interpretation. As a result, a combination of the two techniques was applied. The 30 TEM and 7 VES sites were located in the area between the mud flats and the northern outcrops (Figure 1 ). The mud flat area is characterized by very saline groundwater. The VES sites were located mainly in the mud flat area where they are interspersed with some of the TEM locations. Consequently, it is possible to track the lateral variation of groundwater salinity by analyzing the spatial distribution of geophysical sounding curves. The data were processed and interpreted using all available information to obtain hydrogeologic information about the locations of fresh and saline groundwater. Figure 4 shows the TEM-VES depth-averaged resistivity from 5-to 40-m depth where the fresh/saline groundwater transition is expected to be found (Figure 2 ) in the upper aquifer system (i.e., Al and URC aquifers). We infer spatial changes in groundwater resistivity from the corresponding geophysically inferred values as indicated by the resistivity scale. Figure 2 . One-dimensional calibrated resistivity models using lithology of boreholes and GWL (a) resistivity model obtained from the inversion of the TEM23 (using the TEM-RES program) and its correlation with the geologic-log obtained from the borehole AZ 9 (b) resistivity model obtained from the inversion of the VES 1 (using the IPI2Win program) and its correlation with the geologic-log obtained from borehole AZ 13.
Hydrogeophysical characteristics of Al-URC aquifers
Generally, the resistivity of the subsurface is controlled by the ability of an electric current to flow in the soil and rocks. Electrolyte conduction is the main type of current flow that determines the electrical resistivity of the subsurface. Thus, it is essential to examine the salinity of the fluids within the pores of saturated aquifer material. Quantitative interpretation of bulk resistivity is based on the empirical Archie's law (Archie, 1942) . In a water-saturated, clay-free aquifer layer, the bulk resistivity of the aquifer (ρ x ) is related to the resistivity of the pore water (ρ w ) (i.e., considering that the rock grains or solid matrix are electrical insulators) as follows:
where FF is the intrinsic formation factor. It is clear that the FF depends on the porosity ϕ and the geometric parameters a and m of the medium. The value of a ranges from 0.47 to 2.3. The value of m is found to vary from 1.3 for uncemented sediments to 2.6 for highly cemented rocks (Khalil and Fernando, 2009 ). This variation is attributed to changes in cementation, compaction, and mineral composition. Following equations 4 and 5, geophysical soundings of 14 TEM and 1 VES sites were correlated in the vicinity of different production wells in the study area ( Figure 1 ; Table 1 ). The inverted TEM-VES sounding curves suggest that the URC aquifer is the main groundwater source in the study area (Table 1 ). The measured groundwater resistivity and chloride concentration from TEM site 16 are 0.056 ohm-m and 107,564 mg/l, respectively. These values indicate saline groundwater. On the contrary, at TEM site 11, the measured groundwater resistivity and chloride concentration is 10.83 ohm-m and 220.1 mg∕l, respectively. The groundwater salinity (i.e., Cl concentration) is related to groundwater resistivity ( Figure 5 ). On the other hand, the nitrate concentrations measured from groundwater samples indicate a normal level (i.e., less than 10 mg∕l; NJWRIP, 1989) for the 14 investigated wells except well F 3901 where it is higher than the normal level by 1.6 mg∕l (Table 1 ). Figure 5 shows that there is a direct dependence (coefficient of determination or R-squared ¼ 0.904%) between the aquifer resistivity and the equivalent water resistivity obtained from groundwater samples. Based on the laboratory analysis of URC rock samples and calculated aquifer resistivity, the (a) and (m) parameters are found to be 0.9 and 1.5, respectively. These values are within the typical range found for carbonate rocks (Carothers, 1968; Gómez-Rivero, 1977 ). An analytical approach was used to determine if the FF is accurately determined to test the robustness of the inverted TEM models over a wide range of groundwater salinity. It is found that the Archie equation fits the FF data with a coefficient of determination equal to 0.706%. Therefore, the constrained a and m values indicate that the porosity (ϕ) is ∼40%. 
2D resistivity cross section of TEM and VES data
Resistivity soundings are commonly used to define aquifer properties and other subsurface characteristics in the vicinity of measurement sites. Of course, geologic structures are multidimensional, so it is important to interpolate 1D inversion results to determine 2D subsurface geologic structures.
The selection and construction of a geoelectrical cross section for groundwater studies are based on the integration of geophysical measurements, hydrochemical analysis, and the known geologic conditions of the surveyed area. In this study, five geoelectrical cross sections were constructed using the best available TEM-VES sites. This was done to identify the lateral variation of groundwater salinity in the potential aquifers (i.e., Figures 6, 7, 8, and 9) .
The TEM sections 1, 2, 3 are oriented in the north-south direction, and designed to map lateral variations in groundwater salinity within the different aquifer systems (i.e., Al/URC aquifers) (Figure 4 ). The TEM cross section 1 (Figure 6 ) shows a gradual increase of Cl concentration in the URC/Al aquifers through TEM sites (11, 17, 18, 19, and 20) , where the measured Cl concentration has changed from 220 to 592.5 mg∕l corresponding to the range of aquifer resistivity from 30 to 170 ohm-m. Apparently, at TEM site 21 the aquifer resistivity is reduced to less than 1 ohm-m. This site is located in the region of the alluvium mud flat. The TEM cross section 2 (Figure 7 ) comprises TEM sites 11, 12, 13, 14, 15, and 16 and shows the same trend of gradually increasing of groundwater salinity from the north to south. The fresh groundwater is located between TEM sites 11 and 12 where the Cl concentration is 220 to 290 mg∕l, respectively. The URC aquifer between TEM sites 14 to 16 shows resistivity of less than 2 ohm-m. This is in the region of the salt mine (i.e., mud flat deposits). The third TEM cross section (Figure 8 ) includes TEM sites 4, 5, 1, 22, 23, 26, 27, 28, 29, and 30 and shows that the URC is not saline at all locations (i.e., at TEM site 23, the Cl concentration is 455 mg∕l, whereas the aquifer resistivity is 123 ohm-m). Consequently, it is found that at TEM sites 4, 5, and 1, saline groundwater is bounded at the top of the URC aquifer where the measured Cl concentration reaches a maximum of about 1345 mg∕l, which corresponds to 3-ohm-m resistivity. On the other hand, the URC aquifer between TEM sites 27 and 30 reveals saline groundwater of measured chloride concentration (610-743 mg∕l) except for TEM site 28, where the aquifer resistivity indicates fresh water (Table 2) . At TEM site 23, the groundwater is located in alluvium deposits at a 5-m depth where the Cl concentration is about 455 mg∕l, a value that is less than any other measured Cl locations within the same cross section. Between TEM sites 26 and 27, a remarkable fault is affecting MCM formation resistivity, which permits saline water to leak down along preferential paths. Significant saline groundwater was recorded at TEM sites 7 and 8, where the calculated aquifer resistivity is less than 3.0 ohm-m. However, in the area to the northwest of the sites, particularly at TEM sites 6, 9, and 10, the resistivity of the groundwater increases from 5.99 ohm-m at TEM site 6 to about 12.85 ohm-m at TEM site 10. Furthermore, the measured chloride concentration near TEM site 10 was found to be 338 mg∕l (Figure 1) . Therefore, the 3-ohm-m aquifer resistivity is considered to be a key value that separates fresh water from saline water.
Two VES cross sections (4 and 5) (see Figure 4 for their locations) were constructed in the area between TEM sections 1 and 2 and TEM section 3. The VES cross section 4 (Figure 9 ), which consists of VES stations 2, 1, 5, and 7, assesses mostly the mud flat deposits in the middle of the study area. Along this cross section, the URC aquifer is marked by saline groundwater (i.e., Cl ¼ 8520 mg∕l at VES 1) in which the modeled resistivity is very low and mostly constant at all VES locations (URC aquifer resistivity ¼ 0.2 ohm-m). The VES cross section 5 ( Figure 9 ) consists of VES stations 4, 3, 5, and 6 along a line from north to south. The VES cross section suggests that the URC aquifer is characterized by saline groundwater particularly at VES stations 3, 5, and 6, where the URC resistivity varies from 0.2 ohm-m at VES site 6 to about 1.8 ohm-m at VES site 3. Moreover, at VES site 4, the URC aquifer resistivity increases to 6 ohm-m in the region outside the mud flat deposits. Table 2 summarizes the classification of groundwater salinity in the upper aquifer system based on the conducted VES-TEM cross sections.
Quasi-3D modeling of TEM data
Stitched models of TEM inversion results are quite useful in simple layered earth settings where minor lateral variation of the geologic structures is expected (Nabighian and Macnae, 1991) . Moreover, it is well established from the literature that 1D inversion results contains artifacts if they are embedded in 2D and 3D environments characterized by complex resistivity distributions (Macnae and Lamontagne 1987; Macnae et al., 1991) . The nature of the TEM method requires accurate forward modeling and a high density of measurement sites to obtain reliable inversion and interpretation. On the other hand, TEM inversions also include some types of errors in data interpretation that are mainly attributed to antenna configuration (i.e., coincident loop). It has also been recorded that effects due to magnetic viscosity, IP, and the antenna polarization should be taken into account during inversion (Nekut, 1987; Barsukov et al., 2007) . Furthermore, statistical analysis of model parameters using the rms error indicator and detection of equivalency of certain geoelectrical layers is better achieved if the S/N is of good quality and a priori information is available from borehole lithology logs and groundwater samples (Ezersky et al., 2009) . In this case study, it was not possible to acquire adequate TEM data due to logistic constraints. To improve evaluation of the TEM data, we have applied the spatial constrained inversion (SCI) method to produce a quasi-3D resistivity model using selected TEM sites. This approach was adopted to better understand the 3D resistivity distribution and the geologic and hydrogeologic framework of the study area.
The development of the SCI method follows the lateral constrained inversion method (Auken and Christiansen, 2004; Monteiro Santos, 2004; Auken et al., 2005; Monteiro Santos and ElKaliouby, 2011) . The SCI concept has been successfully applied to different types of geophysical data (Viezzoli et al., 2008; .
The models generated by the SCI method are constructed by applying criteria involving model equivalence and geologic variations between neighboring sites. The SCI produces quasi-3D models based on nonlinear least-squares inversion of electrical and electromagnetic data modeled by 1D forward solution. The method reduces the influence of noisy data coming from the neighboring TEM soundings. In this study, the SCI was applied using code developed by Monteiro The 30 TEM sites were divided into three groups, depending on the spatial location and proximity to the geologic outcrops; the first cluster includes the five sites from TEM 4 to TEM 8 the second cluster includes the 11 sites from TEM 11 to TEM 21, whereas the third cluster includes 26 sites from TEM 1 to TEM 26. Sites TEM 27 to TEM 30 were excluded from the third cluster to satisfy the SCI inversion criteria.
TEM sites 5 and 13 were selected to evaluate the performance of the SCI inversion. The sites are separated by 800 m but contain the same subsurface geologic units (i.e., Al, AQ, and URC) Figure 1 and Table 1 . Figure 10a and 10b shows a statistical analysis of models for the two sites. Using the TEM-RES 1D inversion results (Figure 10a-2, 10b-5) , the URC aquifer is found at an 8-m depth at TEM 5 (rms ¼ 1.67%) and about a 30-m depth at TEM 13 (rms ¼ 0.1%) ( Table 1) . On the other hand, the SCI method was applied as follows: TEM site 5 was used in clusters 1 and 3, TEM site 13 was used in clusters 2 and 3.
The response model using cluster 1 containing TEM 5 was recovered with high global misfit (10.24%); in particular, the TEM 5 sounding did not fit the observed data, and it shows a very high rms error (10.58%). Conversely, when TEM 5 is included in cluster 3, the global misfit and single-site rms error decreased to 5.46% and 2.29%, respectively. At these values, the parameters found using SCI show reasonable re- Figure 9 . The VES resistivity model along section 4 (VES: 2, 1, 5, and 7) and section 5 (VES: 4, 3, 5, and 6): (a) apparent resistivity pseudosection, (b) inverted resistivity cross section, and (c) geologic and hydrogeologic interpretation of VES section. Figure 8 . The TEM resistivity model at section 3: (a) geoelectrical cross section along 4, 5, 1, 22, 23, 26, 27, 28, 29, and 30 conducted TEM sites and (b) geologic and hydrogeologic interpretation of TEM section 3.
solved geoelectrical structures compared to the 1D inversion method (Figure 10a-2, 10a-3 ). The analysis of TEM site 13 gives similar results. The preferred model (with low rms error and low global misfit) can be correlated to the 1D inversion result in terms of layers thicknesses and corresponding resistivities ranges . Figure 11a depicts the 3D spatial distribution of inverted resistivity values to a 100-m depth, assuming that the recovered depth reflects the full range of the upper aquifers systems in the area of the geophysical survey. The quasi-3D conductivity modeling for the 26 TEM sites shows a distinctive low-resistivity layer typically (less than 20 ohm-m but sometimes close to 3 ohm-m). The lowest resistivity zone (i.e., 3 ohm-m) is mainly attributed to the very saline groundwater of the shallow Al-URC aquifers in the Qa area and also the area near two orthogonal inferred faults striking northwest-southeast and southwest-northeast directions (Figure 1) . 1-3 ohm-m/ (VES sites 3, 4, 5, and 6) Figure 10 . The comparison between TEM inversions using 1D and quasi-3D (1D spatially constrained) for TEM 5 and TEM 13 (a) observed and calculated resistivity decayed time functions for TEM 5 using quasi-3D inversion in the domain of cluster 1 (solid line) and cluster 3 (dashed line) (b) observed and calculated resistivity decayed time functions for TEM 13 using quasi-3D inversion in the domain of cluster 2 (solid line) and cluster 3 (dashed line). The numbers (1, 4) (2, 5) (3, 6) represent resistivity transient curves, 1D inversion models, and quasi-3D inversion models, respectively.
Different image resistivity slices were produced to trace the continuation of this low-resistivity zone with depth ( Figure 11b, 11c, 11d ). It was found that this low-resistivity zone extends to a 50-m depth. The depth below 50 m includes the MCM aquiclude formation. The minimum and maximum URC thicknesses in the study area are 10 and 77 m, respectively (Table 1 ). In addition, the resistivity histogram demonstrates that the geoelectrical layer of resistivity less than 3 ohmm is statistically significant and occupies 8% of the quasi-3D model volume. The average resistivity value of the model is 6.43 ohm-m (Figure 11e ).
DISCUSSION
The main aim of the geophysical and hydrogeologic survey was to locate the saline groundwater. A further aim was to identify transition zones between saline and fresh groundwater. Generally, there is a high concentration of salt minerals in the shallow URC and Al aquifers. The highest value of saline groundwater was recorded at the Qa area (the lowest topography), specifically at well F0001 where the measured Cl concentration and groundwater resistivity are 107,564 mg/l and 0.056 ohm-m, respectively. On the contrary, the lowest value was measured at the northeastern side close to well F3622 where the measured Cl concentration and groundwater resistivity are 220 mg∕l and 10.83 ohm-m, respectively. Similarly, the (a) parameter is found to be 0.9 in Archie's formula; its closeness to 1.0 indicates that the saline pore water is the primary medium for electrical conduction (Kirsch, 2009 ).
Archie's law has provided an estimate of ∼40% porosity. This porosity value is characteristic of the URC aquifer in which the chert limestone exhibits high fracture density (Bender, 1974) . Statistically, the calculated FF using Archie's law is equal to 3.54, which is close to the average FF (2.68) based on an empirical best fit equation. Furthermore, the calculated FF and porosity (ϕ) values are close to the upper bounds expected for carbonate rocks (Heiland, 1968) . However, assuming that the porosity value of URC aquifer is constant throughout the study area, the estimated hydraulic conductivity using modeling of groundwater flow (Abdulla et al., 2000 ; Table 1 ) shows two distinct ranges. The first estimated hydraulic conductivity varies from 10 to 20 m∕d in the northeast of the study area (i.e., along TEM sections 1 and 2). The second hydraulic conductivity varies from 35 to 45 m∕d in the northwest of the study area (i.e., along TEM section 3); the TEM cross sections have revealed that the URC aquifer is thicker in the northwest of the study area.
The present study suggests two mechanisms for salinization of the groundwater. The first mechanism is that salts are directly leached into the URC aquifer. The VES and TEM measurements within this area have the lowest URC aquifer resistivity (i.e., TEM sites 2 and 3 and VES site 6; Table 1 ). The hydrogeophysical models (Figures 6, 7, 8, and 9) show that the salt minerals and mud deposits in Qa area accumulated by heavy weathering of the AQ formation; hence, the AQ formation largely terminates at the boundary of mud flat deposits which causes the URC formation to be an unconfined aquifer. The aquifer is bounded by two subtle orthogonal inferred faults (Figure 1) . Interestingly, the salinity of groundwater decreases away from the mud flat boundary, as interpreted by the TEM and VES cross sections. Yet the groundwater movement arrives from all directions of the surrounding aquifers toward the center of the Qa area (El-Naqa et al., 2007) .
A second mechanism is proposed to explain the salinity of the confined URC aquifer in the northwest of the study area. The AQ formation might be the main factor for leaching soluble salts into the URC aquifer; hence, the saline groundwater body appears at the top of the URC aquifer where the mud flat deposits have little interference (i.e., TEM sites 1, 4, and 5).
CONCLUSIONS
The TEM and VES methods were applied in the central part of the Azraq Basin to characterize and map the quality of groundwater in the shallow aquifer system. The resistivity cross sections based on TEM and VES reveal the structure of three to four geologic layers characterized by variable groundwater quality with depth. The recorded water table through different available wells and the TEM-VES models show a range from 5 to 30 m. It was found that the shallow upper aquifer in the study area consists mainly of alluvium (Al) and chert limestone (URC), whereas the URC aquifer is bounded in some places by aquiclude formations; the Azraq formation (AQ) at the top and the Muwaqqar formation (MCM) at the bottom. This is not consistent with previous reports that suggest the URC aquifer is always an unconfined aquifer. The groundwater analysis from different well locations in the study area have showed a wide range of chloride concentration (i.e., Cl ¼ 220 mg∕l near TEM 11 and Cl ¼ 107564 mg∕l near TEM 16); these values were correlated (R-squared ¼ 0.798) to the aquifer resistivity 18.0 and 0.14 ohm-m, respectively. Therefore, the chloride concentration affects the aquifer resistivity at the locations of the calibration wells.
The main source of groundwater salinization of the upper aquifer is attributed to the mud flat deposits and their spatial extension, such Figure 11 . The interpretation of quasi-3D modeling data using 1D SCI: (a) 3D resistivity representation for 26 TEM sites, (b) 3D resistivity slice at a 10-m depth, (c) 3D resistivity slice at a 30-m depth, (d) 3D resistivity slice at a 70-m depth, and (e) frequency distribution of resistivity values in the range of 0.1 to 37 ohm-m.
that leaching of salts to the shallow groundwater is the key mechanism that increases the salinity of shallow groundwater. Most of shallow groundwater has high chloride concentrations in the Qa area. The resistivity inferred from the TEM and VES inversion results has been substantially modified at this area. The 1D and quasi-3D inversion of TEM data reveal a low-resistivity zone (i.e., 3 ohm-m) at the mud flat deposits due to salinization of the upper aquifers. Both inversion methods provide consistent results for recovered layer resistivities and thicknesses. At TEM sites 5, 4, and 1 at the northwest of the study area, the groundwater in the top part of the URC aquifer was affected by direct leaching of salt minerals from the overlying AQ formation (i.e., the Cl concentration was found to be 1345 mg∕l, which corresponds to 3-ohm-m aquifer resistivity). Furthermore, the mud flat area has a considerable effect at the area near TEM site 30, which is located at the southwest of the study area, where the measured Cl concentration is equal to 610 mg∕l. On the contrary, the mud flat deposits in the east of the study area (near the inferred fault that is striking northwest-southwest) have limited spatial effect on the groundwater salinization. The contribution is limited to the TEM sites that are close to the inferred fault, such as sites 13, 14, 15, 16, and 21 . Any indication of high groundwater salinity remote from the mud flat area might be attributed to the dissolution of AQ mineral salts into the URC aquifer. The overexploitation of certain wells at this area may also increase groundwater salinity. It is essential to observe and monitor wells in the northwest of the study area (i.e., near the basalt aquifer) where both mechanisms of groundwater salinization might be present.
